The psyllid Diaphorina citri Kuwayama is one of the most important pests of citrus, mainly because it is the vector of the bacterium that causes huanglongbing (HLB) or 'Greening' disease. To study the spatial distribution of nymphs and adults of this pest, an experiment was carried out in two 'Valencia' sweet orange orchards, four and 12 years of age, established in Matão, central area of São Paulo state, Brazil. The following dispersion indices were used to study pest aggregation in the citrus plants: variance/mean relationship (I), index of Morisita (I δ ), coefficient of Green (Cx), the k exponent of negative binomial distribution, common k (k c ) and Taylor's Power Law for each sampling. The negative binomial distribution was more representative of the spatial distribution of this psyllid, for both nymphs and adults. For most samplings, psyllid nymphs found in branches and adults caught in traps had an aggregated distribution.
Introduction
The psyllid Diaphorina citri Kuwayama (Hemiptera: Psyllidae) is currently one of the most important pests of world citriculture. It was discovered in 1907 in Taiwan and is today distributed across several countries of South Asia, regions of the Middle East, the Southern region of the United States, and in Central America, the Caribbean, and South America (Halbert and Manjunath, 2004) .
This insect has become greatly important because it is the vector of the bacteria that causes huanglongbing, that is restricted to the phloem vessels of plants (Gravena, 2005) . The bacteria Candidatus Liberibacter spp. is transmitted by the psyllid Trioza erytreae (Del Guercio) and D. citri; the first is associated with the African form of the disease (Candidatus Liberibacter africanus), while the second is associated with the Asian (Candidatus Liberibacter asiaticus) (Capoor et al., 1967) and the American forms (Candidatus Liberibacter americanus); the latter is only found in Brazil (Coletta-Filho et al., 2004; Teixeira et al., 2005a, b) . The psyllid D. citri can be found throughout the year, with population peaks in the spring and summer, the periods of greatest vegetative flushes in citrus plants (Gravena, 2005; Yamamoto et al., 2001) .
Several insecticides are used to control D. citri, frequently in an intensive manner to try to stop the disease from spreading. Knowing the pest's probability distribution is crucial because it allows the establishment of techniques for the statistical analysis of data, sampling, and for making decisions on the application of insecticides (Barbosa and Perecin, 1982) . This investigation aimed to study the spatial distribution of D. citri Sci. Agric. (Piracicaba, Braz.) , v.67, n.5, p.546-554, September/October 2010 nymphs and adults in citrus, in order to provide support information for the rational control of this pest.
Material and Methods
The study was carried out in Matão, state of São Paulo, Brazil (21°36' S; 48°21' W), in two 'Valencia' sweet orange (Citrus sinensis (L.) Osbeck) plots, grafted on Rangpur Lime; one area had four year old plants (area 1 -stand 9A), while the other had 12 year old plants (area 2 -stand 99). Both received the management practices (fertilization, hoeing, and herbicide application) and phytosanitary measures (application of acaricides, insecticides, and fungicides) recommended for the crop.
To survey D. citri adults and nymphs, area 1 was divided into 88 sampling units or plots consisting of 21 plants each (seven rows × three plants), while area 2 was divided into 84 plots containing 21 plants each (three rows × seven plants). The spacing between the plants in the two experimental areas was 7 m among lines and 3 m among plants, totalizing 1,848 plants (3.9 ha) in area 1 and 1,764 (3.7 ha) in area 2. To evaluate the number of adults, double sided yellow sticky traps (Hall et al., 2007) were placed on the central plant of each plot at a height of approximately 1.5 m from the ground, and to nymphs, were evaluated by sampling a shoot (up to 10 cm in length) taken at random from the middle region of the central plant of each plot in both areas.
The study was carried out in the 2005/2006 and 2006/ 2007 cropping seasons. Nymph samplings were carried out two week periods during the period of greatest vegetative flush (December 2005 to April 2006 and November 2006 to March 2007 . Adults were sampled during two weeks in the period of greatest emission of shoots (November through March) and one month in the rest of the period. Sprays with insecticides and acaricides/ insecticides were applied in area 1 on 01/10/06 (abamectin), 09/12/06 (dimethoate), 12/19/06 (abamectin), 08/07/07 (thiamethoxam), and 11/28/07 (abamectin). In area 2, applications were made on 09/ 26/06 (dimethoate) and 01/12/07 (abamectin).
The data were analyzed by calculating the mean ( m) and variance (s 2 ) for all samplings, as well as the following dispersion indices:
Variance/mean relationship (I) -used to measure departure from a randomness arrangement, where values equal to one indicate a random spatial distribution; values smaller than one indicate a regular or uniform distribution; and values greater than one indicate an aggregate or contagious distribution according to Rabinovich (1980) , and is given by:
, where: s 2 = sampling variance; = sampling mean; x i = number of psyllids found in the sampling units; n = number of sampling units.
Departure from randomness can be tested by the chisquare test with n-1 degrees of freedom, by means of the expression:
Randomness is rejected when X 2 ≥ χ 2 (n-1).
Index of Morisita (I δ δ δ
δ δ ) -it indicates that a distribution is random when it is equal to 1, aggregate when it is higher than 1, and regular when it is smaller than 1. Morisita (1962) developed the following formula:
where: n= number of sampling units; x = number of psyllids found in the sampling units; ∑x = sum of individuals present in the sampling units.
Departure from randomness can be tested by:
.
If
, the hypothesis of a random distribution is rejected.
Coefficient of Green (Cx) -This index is acceptable
for comparisons between contagious distributions, ranging from 0 for random distributions to 1 for maximum contagion (Green, 1966) . It is based on the distribution's variance/mean ratio and is given by:
Randomness is rejected when Cx > Cx (1-α) (Davis, 1993) .
K exponent of negative binomial distribution (k) -
This index should only be used when the data fit the negative binomial distribution. When k values are low and positive (k < 2) they indicate a highly aggregate arrangement; k values ranging from 2 to 8 indicate moderate aggregation; and values higher than 8 (k > 8) indicate a random arrangement (Elliott, 1979; Southwood, 1978) . k values were calculated by the moments methods (Anscombe, 1949) , given by:
and later by the maximum likelihood method, since it is more accurate (Elliott, 1979) . According to Bliss and Fisher (1953) , this method consists in finding the value that balances both members of the equation: where: N = number of sampling units; ln = Napierian logarithm; = sampling mean; = k value estimate; x i = number of psyllids found in sampling units; A(x i ) = sum of frequencies of values higher than x i; nc = number of classes in the frequency distribution. The estimation method is interactive, by trial and error, until equality is achieved between both members of the equation, with a previously-established margin of error. The calculation can be started from the k value obtained by the method of moments, thus allowing convergence to be achieved more quickly.
Estimation of the common exponent k (k c ) -To find a common value of k that represented most of the dates of sampling, we used the method proposed by Bliss & Owen (1958) , known as method of weighted regression. For the calculation of k c of nymphs and adults, the sampling of the two areas were analyzed together, and were excluded some samples with values that were very discrepant from the others, represented by null, very low or very high values of occurrence of the pest.
Taylor's power law -the relationship between the variance and the average was expressed through the power of the Taylor Law, amended by:
The parameter b of Taylor's Law is an index of aggregation, and the population is aggregated when b > 1, random when b = 1 and uniform when b <1 (Taylor, 1961) .
Probabilistic models for studying the pest's spatial distribution -The data of each sampling in each area evaluated were tested to see if they fitted Poisson's distribution; the hypothesis is that all individuals have the same probability of occupying a given space and the presence of an individual does not affect the presence of another, with variance equal to the mean (σ 2 = m) according Barbosa and Perecin (1982) ; or if they fitted the negative binomial distribution, where the occurrence of an individual limits the occurrence of neighboring individuals in the same unit, with variance higher than the mean (σ 2 > m) according to Perecin and Barbosa (1992) .
The model fits the original data adequately when the observed and expected frequencies are in close proximity. Such proximity was tested by the chi-square test, given by:
where: FO i = observed frequency in class I; FE i = Expected frequency in class i; n c = number of classes in the frequency distribution.
The number of degrees of freedom in the χ 2 test is given by:
where: n p = number of parameters estimated in the sample.
The test criterion adopted was that the fitting of the distribution under study should be rejected at the α% probability level if:
Results and Discussion
The dispersion index results for numbers of D. citri nymphs found in shoots indicate that, in area 1 (younger plants), the mean numbers of nymphs found were much higher than in area 2 (older plants), with population peaks in January 2006 for both. The average numbers of nymphs in areas 1 and 2 were 5.01 and 0.87, respectively. In the following year, infestation was not as high, but in the summer months the nymphal population was higher in area 1, with means ranging from 0.20 in January to 0.12 in March 2007, while in area 2 means ranged from 0.06 in January to 0.01 in March (Table 1) . Such presence of nymphs in those months is justified by the greater numbers of shoots, which are preferred for oviposition, together with weather conditions favorable for insect development (Gallo et al., 2002) . The nymphal population difference between areas 1 and 2 was also due to greater emission of shoots in the young orchard, which made it more attractive to the vector. In general, branch vigor and number of shoots are much higher in younger orchards than in older ones.
The values obtained for the variance/mean ratio (I) were greater than one in almost all samplings in both areas, with the exception of those sampled on 03/28/06 in area 1 and on 12/21/06 in area 2, showing that nymph distribution was aggregate in both areas. The values obtained for Morisita's index (I d ) also indicated nymphal aggregation, since all samplings in area 1 and almost all samplings in area 2 had values higher than one (Table  1) .
Green's coefficient (Cx) analysis showed that the values found in almost all samplings in both areas were higher than zero, indicating, according to Davis (1993) , that the population had an aggregate distribution. This type of distribution was confirmed by the parameter k values of the negative binomial distribution by the maximum likelihood method, which had positive, smaller than 2 values in all nymph evaluation dates, indicating high aggregation, according to Elliott (1979) (Table 1) .
Regarding D. citri adults, the infestation in area 1 was much higher than in area 2. The first population peak in area 1 occurred in March and April 2006, with average numbers of 1.92, 3.76, and 6.42 adults found in the traps; a new peak occurred again in November 2007, with 4.06 and 5.25 psyllids, on average. In area 2, however, infestations were high in the first months evaluated, with a tall peak in February 2006, with an average of 5.59 and 6.01 adults in the traps evaluated; the population then decreased and almost no oscillations occurred from May 2006 (mean of 1.13 adult) until the end of the experiment, in October 2007 (mean of 0.13 adult) ( Table  2) .
For adults collected in area 1, with the exception of two samplings, all other 32 had variance/mean index (I) and Morisita's index (I δ ) values higher than one, indicating that the adult population of psyllids had an aggregate distribution. In area 2, most samplings had values higher than one for those indices (Table 2) .
Green's coefficient (Cx) values were positive for adult psyllids in most samplings in area 1 and in more than one half of the samplings in area 2. As to the k parameter of the negative binomial distribution, the values obtained by the maximum likelihood method ranged from 0.34 to 2.12 in area 1, and from 0.76 to 2.06 in area 2. In area 1, where values were lower, there was stronger aggregation, since maximum contagion occurs when the value tends to zero (Elliot, 1979) . The higher I and I d values also indicate greater aggregation of adults in area 1, with 4 year old plants (Table 2) .
Several authors have reported aggregate distributions of insect pests in some crops, such as Selenaspidus articulatus (Morgan) (Perruso and Cassino, 1997) , Dilobopterus costalimai Young (Maruyama et al., 2002) , and Orthezia praelonga Douglas (Costa et al., 2006) in citrus, and small Spodoptera frugiperda (J.E. Smith) caterpillars in corn (Farias et al., 2001) . Initially, data were tested to observe whether they fitted Poisson's distribution; later, since the means were smaller than the variances in most D. citri nymph and adult samplings, we tested the data to see if they fitted the negative binomial distribution.
For nymphs, in all evaluations where the degree of freedom was sufficient for analysis, chi-square test values were significant at 1% or 5% probability when fitting Poisson's distribution in both areas, demonstrating that their distribution is not random. When we attempted to fit the data to the negative binomial distribution, the values were non-significant in 80% of the samplings in area 1 and in 100% of the samplings in area 2, thus confirming that the spatial distribution of D. citri nymphs was aggregated (Tables 3 and 4 ). 
By studying the fitting of adult data to Poisson's distribution, the chi-square test values were significant at 1% or 5% probability in 78% of the samplings in area 1 and 85% in area 2, indicating that their distribution was not random. As to the negative binomial distribution, 95% of the samplings fitted the distribution in area 1 and 100% of the samplings fitted the distribution in area 2 (Tables 5 and 6 ).
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The values of Taylor's Power Law's b were greater than the unity, 1.4376 for nymphs and 1.4760 for adults in Area 1, and 1.2977 for nymphs and 1.2504 for adults in Area 2, showing aggregated distribution for both nymphs and adults of D. citri, with values of coefficient of determination (R 2 ) ranging from 0.9580 to 0.9853 (Table 8) . Similar results were obtained by Sétamou et al. (2008) , where the index obtained was 1.73 for nymphs and 1.38 for adults, and R 2 higher than 0.90.
The fitting of most samplings to the negative binomial distribution is in accordance with the dispersion indices tested, which had an aggregate distribution of D. citri in most samplings, both in area 1 with younger plants, and in area 2 with adult plants. Such distribution was mentioned by Tsai et al. (2000) in orange jessamine plants (Murraya paniculata) in southern Florida, USA, and by Sétamou et al. (2008) in grapefruit (Citrus paradisi Macfad) and sweet oranges (Citrus sinensis (L). Osbeck) in Texas, USA, when the authors evaluated D. citri adults (both authors) and nymphs and eggs (the second author) and observed Taylor's Power Law's b and Iwao's â coefficient values higher than one, indicating insect aggregation. Table 7 -Common k indices for nymphs and adults of D. citri in citrus orchards. Matão -SP, Brazil 2005 /2006 /2007 X 2 = Chi-square statistic; *Significant at 5% probability; **Significant at 1% probability; NS Non-significant at 5% probability. 
